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1. Introduction

In the RAN1 LTE Ad Hoc meeting in January, the link adaptation scheme in the frequency domain was discussed. As a consequence, although it was claimed that the benefit of the frequency domain link adaptation, i.e., the resource block (RB)-dependent modulation, is minor compared to the RB-common modulation [1]-[5], it was claimed in [6] that the use of the combination of the RB-dependent modulation and the frequency-domain power adaptation provides some gain. In this contribution, we further compare the achievable throughput between RB-dependent modulation with power adaptation and the RB-common data modulation.
2. Link Adaptation Methods
We compare the throughput performance using the following three link adaptation methods for multiple RB assignment within a single code word as shown in Figs. 1. 
· RB-common modulation with constant power (Fig. 1(a))

· RB-dependent modulation with constant power (Fig. 1(b))

· RB-dependent modulation with power adaptation (Fig. 1(c))
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Figure 1 – Link adaptation methods evaluated in the paper
3. Simulation Conditions

In all three methods, the optimized selection of the data modulation scheme in each RB and channel coding rate is essential in order to increase the achievable throughput. We employed joint optimized selection of the data modulation and coding rate, which maximize the achievable throughput. In the method, we used the principle that when the “average mutual information per bit” is the same, the corresponding block error rate (BLER) performance becomes identical regardless of the data modulation scheme in the respective RBs under the conditions of the same coding rate over different RBs. Then, by using the BLER performance as a function of “average mutual information per bit,” we can predict the throughput from the channel quality indicator (CQI) (or Signal-to-Interference plus Noise power Ratio, SINR) information of all the RBs. The average mutual information is defined as 
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where P, SINRp, and mp denote the total number of RBs, the average SINR of the p-th RB, and the constellation size of the p-th RB, respectively. Note that the mutual information IMp(SINR) as a function of the SINR is theoretically given [7], which is depicted in Fig. 2 for the respective data modulation schemes. By using this relationship, we obtained the BLER performance of a 10-MHz channel bandwidth as a function of the average mutual information per bit in a six-ray Typical Urban (TU) channel model. As shown in Fig. 3, the achievable BLER performance is identical irrespective of the data modulation schemes, when the channel coding rate is the same. 

Based on this result, the joint optimized selection of the data modulation and coding rate is conducted in the following steps. Among the combinations of a set of data modulations, the common coding rate and the allocated transmission power over all RBs, we select the optimum one that achieves the maximum estimated throughput. In order to obtain the estimated throughput, the data modulation and coding rate is tentatively selected. In the RB-dependent modulation with power adaptation, transmission power of the respective RBs is selected based on the tentative modulation so that the assigned transmission power is proportional to the number of transmitted bits/symbol, while keeping the total transmission power for all RBs constant [6]. Based on the CQI and transmission power of each RB, the received SINR of each RB is obtained. The average mutual information per bit is calculated by Eq. (1). Using the calculated average mutual information per bit, we derived the corresponding BLER using the performance curves shown in Fig. 3. Finally, the estimated throughput is calculated by using the following equation.
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where DR represents the data rate determined by the data modulation scheme of all RBs and the channel coding rate.
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Figure 2 – Mutual information of respective data modulation schemes
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Figure 3 – BLER performance as a function of the average mutual information per bit
Table 1 lists the simulation parameters assumed in the evaluations, which follow the simulation assumptions in [8]. As indicated in the table, we employed many channel coding rates to investigate precisely the difference between the three schemes. Moreover, we assumed a single-user environment, i.e., without frequency channel-dependent scheduling. This is because this condition is more advantageous for RB-dependent modulation than RB-common modulation, since RBs with a large difference in CQI are assigned to the same user. Meanwhile, when frequency channel-dependent scheduling is applied, the radio RBs with high CQIs, i.e., the resultant difference in CQI is small, are assigned. This situation is very advantageous for the RB-common modulation scheme. 
Table 1 – Simulation parameters
	System bandwidth
	10 MHz

	Number of sub-carriers
	600

	Sub-carrier spacing
	15 kHz

	Occupied bandwidth
	9 MHz

	Resource block bandwidth
	375 kHz (24RBs )

	Symbol duration
	Useful data
	66.67 sec

	
	Guard interval
	4.75 sec

	Sub-frame length
	0.5 msec (7 OFDM symbols)

	Data modulation
	QPSK, 16QAM, 64QAM

	Channel coding rate
	1/3, 2/5, 4/9, 1/2, 5/9, 3/5, 2/3, 3/4, 4/5

	Channel coding / decoding
	Turbo code (K = 4)

/ Max-Log-MAP decoding

(8 iterations)

	Number of receiver antennas
	1, 2


4. Simulation Results

(1) Ideal channel estimation / Ideal CQI measurement and feedback
Figures 4 shows the throughput performance comparison between RB-dependent modulation and RB-common modulation in a six-ray TU channel model. For RB-dependent modulation, the performance with and without power adaptation are shown, respectively. From Fig. 4(a) using 2-branch antenna diversity reception, the gain in the RB-dependent modulation with constant power and that in the RB-dependent modulation with power adaptation is only 4 % and 4 %, respectively, compared to the RB-common modulation. Furthermore, even for the case without antenna diversity reception in Fig. 4(b), the gain in the RB-dependent modulation without power adaptation is slightly increased to 6 % owing to the large fluctuation in the SINR over the RBs, nevertheless the improvement is still small. Moreover, the additional gain using the power adaptation in the RB-dependent modulation is not observed. The reason was proved in [9] that when the sufficient number of modulation and coding schemes are used, i.e., the granularity of MCS selection is sufficiently small within one RB, additional effect of transmission power control is slight. Therefore, we elucidate that the gain of RB-dependent modulation scheme from RB-common modulation scheme is slight regardless of usage of power adaptation.
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Figure 4 – Throughput performance comparison between RB-dependent modulation and RB-common modulation with ideal channel estimation and ideal CQI measurement and feedback.
(2) Real channel estimation / Ideal CQI measurement and feedback
In this section, we compared the throughput performance of the three methods with the real channel estimation. However, we assumed the ideal CQI measurement and feedback in the evaluation. As a channel estimation method, the weighted averaging over pilot symbols of contiguous sub-carriers and the subsequent subframe is used. Figure 5 shows the throughput performance using RB-dependent modulation and RB-common modulation with antenna diversity reception. Similar to the results assuming the ideal channel estimation in Figs. 4, we cannot observe the additional gain by power adaptation in the RB-dependent modulation scheme. Therefore, we again verified that the gain of RB-dependent modulation scheme from RB-common modulation scheme is slight regardless of usage of power adaptation
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Figure 5 – Throughput performance comparison between RB-dependent modulation and RB-common modulation with real channel estimation and ideal CQI measurement and feedback.
(3) Real channel estimation / Real CQI measurement
Finally, the throughput performance employing the real channel estimation and the real CQI measurement is evaluated. As the CQI value, the received SINR averaged in each RB is estimated by using the pilot channel. In the SINR calculation, the noise power is estimated by using the variance of the received pilot symbols. Furthermore, the signal power is estimated by subtracting the noise power from the averaged value of the channel estimates.
Figure 6 shows the throughput performance using RB-dependent modulation and RB-common modulation assuming the six-ray TU channel model with antenna diversity reception. As shown in the figure, although the overall throughput performance of the three schemes is degraded due to the real CQI measurement. However, the improvement in the RB-dependent modulation with and without power adaptation is only approximately 4 % compared to the RB-common modulation. Consequently, we verified that, irrespective of the application of the power adaptation, the improvement in the achievable throughput of the RB-dependent modulation scheme from that of the RB-common modulation scheme is slight.
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Figure 6 – Throughput performance comparison between RB-dependent modulation and RB-common modulation with real channel estimation and real CQI measurement and feedback.
5. Signaling Overhead
Looking at the additional control signaling overhead in RB-dependent data modulation compared to that of RB-common data modulation, the control bits for the modulation scheme information are necessary. We assume 2 bits per RB for the modulation scheme information (QPSK, 16QAM, and 64QAM). Further, let NUE and NRB be the number of multiplexed UEs in one sub-frame and the number of RBs, respectively. Then, total 2NUE and 2NRB bits are necessary to indicated modulation scheme in RB-common and RB-dependent modulation schemes, respectively, within the system bandwidth. Therefore, Table 2 shows the required number of symbols (corresponding overhead) when QPSK modulation and channel coding rate of 1/12 [10] are used in the control channel with10-MHz transmission bandwidth (NRB = 24). We see from the table that the number of the required control bits indicating modulation scheme in the RB-dependent modulation is larger than that in the RB-common modulation scheme. Consequently, the slight improvement in the throughput of RB-dependent modulation is completely offset by the increasing control bits to indicating modulation scheme.
Table 2 – Overhead comparison between 

RB-dependent modulation and RB-common modulation
	
	RB-common modulation
	RB-dependent modulation

	NUE = 1
	12 symbols (0.3 %)
	288 symbols (6.8 %)

	NUE = 2
	24 symbols (0.6 %)
	288 symbols (6.8 %)

	NUE = 4
	48 symbols (1.1 %)
	288 symbols (6.8 %)

	NUE = 8
	96 symbols (2.3 %)
	288 symbols (6.8 %)


6. Conclusion

We showed that, irrespective of the application of the power adaptation in the RB-dependent modulation, the improvement in the achievable throughput of the RB-dependent modulation scheme from that of the RB-common modulation scheme is slight. In addition, the number of the required control signaling bits in the RB-dependent modulation scheme becomes greater than that for the RB-common modulation scheme. Therefore, we conclude that the RB-common modulation and channel coding rate scheme is preferred, when multiple RBs of the same coded stream are assigned to one user.
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